This paper addresses the evolution of maritime transport demand in response to global climate change mitigation and adaptation efforts. The complexity of the global shipping system makes predicting volumes and patterns of long-term future international maritime trade a challenging task which is best explored by building scenarios rather than 'precise' forecasts. We present four contrasting scenarios of international maritime trade out to 2050, available in high resolution in terms of the dimensions studied (regions, countries, commodities, decades), which are consistent with high and low levels of global CO 2 mitigation and associated climate impacts. The scenarios project trade increasing to between two and four times the 2010 value by 2050. Scenarios characterised by low temperature increases and material intensity lead to the lower bound trade increase with high trade growth in bioenergy commodities. Unfettered production growth across countries, high temperature increases and material intensity lead to a quadrupling of trade across energy, containerised, dry and wet commodities. The estimated range is lower than those in existing scenarios and forecasts in which globalisation is assumed to continue apace. The scenarios which project the highest growth presupposes both limited decarbonisation (in contrast to the Paris Agreement) and continued growth in expanding markets. The scenarios therefore become a valuable policy and decision-making tool to address technological and operational change required of the shipping sector, if it is to deliver mitigation in line with the Paris Agreement.
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Introduction
The Paris Agreement sets the goal of limiting global warming to well below 2 o C, and ideally to below 1.5 o C and " [i] n order to achieve the long-term temperature goal […] Parties aim to reach global peaking of greenhouse gas emissions as soon as possible", followed by "rapid reductions thereafter" (UNFCCC 2015) . While the Agreement was unanimously adopted by the parties to the United Nations Framework on Climate Change Convention, the main emitters not explicitly included in the agreement are not countries, but the international aviation and shipping sectors. In article 2.2 of the Kyoto Protocol, the International Maritime Organisation (IMO) is charged with regulating greenhouse gas emissions from international shipping, but no legally binding targets on sectoral emissions have been agreed (Hackmann, 2012) . In October 2016, at the 72 th meeting of its Marine Environment Protection Committee (MEPC), the IMO produced a draft roadmap towards the adoption of an "IMO Strategy on reduction of GHG emissions from ships" (MEPC, 2016) . This roadmap was further built upon in 2018 at MEPC 72 wherein it sets a GHG emission reduction pathway of "at least" 50% on 2008 levels by 2050 with a clear aspiration on full decarbonisation by 100% by 2050 if possible (MEPC, 2018) .
Both agreements inter alia make reference to the maritime industry's need to reduce levels of emissions and develop abatement opportunities that contribute to meeting long-term temperature goals. In order to do so, public and private stakeholders engaged in setting marine policy or scoping future investment decisions in adopting green maritime technology need to incorporate expectations about the future demand for maritime transport. Specifically, how might the demand for maritime transport evolve until 2050 when efforts to mitigate and adapt to climate change are endogenised within national production industries? In such a context how might varying socioeconomic framings such as population change, material intensity, technological advances and economic growth further influence the demand for maritime transport?
This paper addresses the aforementioned challenges by presenting four scenarios of global maritime trade until 2050, each exploring a contrasting climate change figure consistent with high and low levels of global CO 2 mitigation and associated climate impacts. The outcome is a matrix of goods quantities transported by sea for each future decade between 16 regions of the world according to a particular scenario, which can be further broken down at the region, country, commodity or decade levels for in depth examination of future trade flows. This novel tool improves our understanding of the plausible evolution of shipping by removing some of the uncertainty associated with predictions of maritime trade flows which is replaced by informed impacts attributed to the scenario narratives. Concurrently it could i) enhance policy efforts concerning the maritime sector's actions to mitigate GHG emissions; ii) augment shipowners' and shipmanagers' investment decisions, be it current or future, binding or not, for greener ships and technologies.
The paper is structured as follows: The remainder of Section 1 surveys the literature concerning projections of maritime trade, and defines our aims, scope and methodological context. Section 2 summarises the scenario narratives and presents our methodology. Section 3 presents and discusses the derived trade scenarios. Conclusions are drawn in Section 4. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 Over 80% of global trade by volume and more than 70% of global trade by value is transported by sea (UNCTAD, 2017) . These are carried by approximately 94% of the world fleet of ships 1 , while the remainder is occupied with the transport of passengers and other functions (UNCTAD, 2016) .
International trade and the demand for sea transport, present and future
From the 1950s until the mid-2000s, international trade has grown at a rate of 5.9 % p.a. and trade relative to economic output more than tripled (Hummels, 2007; Behar and Venables, 2011) . During this period total shipping emissions rose to around 950 million tonnes of CO 2 and of CO 2 e of GHGs in 2012 (Smith et al., 2014) , emissions of the same order as those of Germany (Le Quéré et al. 2016) , or the aviation sector (IEA, 2016) .
The evolution of shipping demand is inexorably linked to the growth of world trade, and it is inherently difficult to predict in the long term due to diverse influencing factors and their interlinkages (Walsh et al. 2017) . As shipping is a derived demand, the demand for shipping services depends on transportation drivers in addition to economic growth and the pattern of trade. Production and demand for individual commodities evolve, leading to the emergence of new commodities and centres of production, while others disappear. In such a context, technological advances in the maritime sector alter the costs of transport, and their relative importance vis-a-vis other trade barriers is also subject to uncertain change. Because of such complexity and inherent uncertainty regarding the evolution of future maritime transport demand, predicting long-term sectoral CO 2 emissions is arguably infeasible. However, to facilitate the decision-making process of the policy debate concerning the decarbonisation of the shipping sector, scenarios of future shipping trade are a useful tool. This paper presents the outcomes of four such scenarios with the intention to scope the range, extent, and timing of technological and operational change required for decarbonisation.
A common approach for exploring the future under conditions of complexity and uncertainty is by developing a set of contrasting, plausible scenarios. Scenario studies provide a structured approach for comparing hypothetical futures and have been used across many areas. For instance, Hubert et al. (2010) , and Alexandratos and Bruinsma (2012) produced global food scenarios up to the year 2050, exploring the impact of population, GDP, changing diets, and yields on consumption and production of agricultural commodities. Dinwoodie et al. (2013) ran a Delphi study with maritime specialists to gauge expectations of future oil trade, haul lengths, and demand for oil tankers. The results suggest that dramatic policies (such as reductions in oil imports) will be needed if emission reduction commitments are to be met. As the concentration of CO 2 in the atmosphere is a key driver for climate change impacts, carbon budgets are used in Anderson and Bows (2012) to establish decadal emission reduction targets for the sector, demonstrating the need for significant (>85%) decarbonisation by 2050 if shipping is to make a proportional contribution limiting global mean temperature increase to 2°C. Skeie et al. (2009) employed a more common approach, producing transport scenarios based on indicator variables from existing suites of scenarios, in their case the SRES scenarios (Nakicenovic et al. 2000) , with the aim of quantifying the future temperature response due to emissions from shipping (and other transport sectors). Fontagné and Fouré (2013) project trade until 2035 using a model of the global economy where in the first instance observed elasticities of trade to income are reproduced. Scenarios are projected based on modifications to the underlying drivers such as national level economic growth, demographics, and trade policies. Whilst there is no explicit carbon budget used to consider the 1 Measured in deadweight units. 61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120 impact of climate change, changes in energy intensity of GDP and other efficiency gains are included. Global trade in goods is projected to grow 1.3-4.3 times by 2035. In a related study, Château et al. (2014) adopt a similar method focusing on a longer-term perspective out to 2060, with scenarios reflecting different degrees of trade liberalisation, i.e. regionalisation vs. multilateralism, which are manifested in respective annual increases of 3.6 % and 3.8 % in global exports, resulting in trade quadrupling by 2050. Sharmina et al. (2017) converted future energy demand in global decarbonisation scenarios from the IPCC AR5 database (IPCC, 2014) to shipped trade, concluding that fossil fuel trade would decline significantly in a 2°C world by 2050, and that the decline would unlikely be compensated by an increase in the bioenergy trade.
Building on the work of Fontagné and Fouré (2013) , Martinez et al. (2014) initially project the value of trade based on identifying future centres of production and consumption, after which commodity specific estimates of value-to-weight ratios, modal share, and estimates of trade route distance are used to express scenarios in terms of global transport work. Seaborne transport work does not vary significantly between scenarios, increasing approximately fivefold by 2050. Included in the scenarios is an estimate of the carbon intensity of transport with emissions associated with seaborne trade anticipated to increase 3-3.75 times the value for 2010 by 2050.
Beyond the academic literature, Lloyd's Register (2014) present three contrasting scenarios for 2030 based on the impact of key variables (population, economy, natural resources) on trade. Results are expressed for four main ship types: dry bulk, crude, other wet bulk, and containers. By 2030, trade is anticipated to increase to around 1.15-2.8 times the baseline (2010) value depending on ship type and scenario (cf. Table E.8 of the Appendix). The 3rd IMO GHG study (Smith et al. 2014 ) contains scenarios of maritime transport. It uses GDP as an indicator variable for unitised and non-coal dry bulk transport work; and coal and oil consumption as indicator variables for coal and oil transport work, respectively. Fitting a curve to historical data and taking projections of GDP from the shared socio-economic pathways (SSP), and coal and oil consumption from scenarios associated with the representative concentration pathways (RCP), transport work in the four categories is projected out to 2050. Using the same method, updated projections are given in Lee (2007) , adding cargo categories gas and chemicals, and splitting unitised cargo into containers, and other unitised. Finally, some industry market outlooks provide projections of future sea trade, e.g. (SEA, 2017) . Table D .7 of the Appendices provides a summary overview of the main references discussed here. Section 3.5 presents a quantitative comparison with the scenarios of study.
Scenarios of international maritime trade: Aims & scope
Scenarios are used as a heuristic tool, requiring they are framed in a manner to capture the aggregated effect of processes and drivers which may act mutually or counteract given the context. While there have been some studies exploring future trade, few have aimed to integrate both qualitative and quantitative methods and regional commodity specific elements to more meaningfully address an inherently complex system, where no single investigative approach is likely to be adequate to address these issues. This is particularly relevant to trade given the complexity of numerous competing agents, reinforcing that scenario results are exploratory alternative futures rather than predictions. This study developed four scenarios of future maritime trade flows over the 2020-2050 period using 2010 as the base year. Each scenario consists of a specific set of future climate change and socio-economic development hypotheses: the scenarios Green Road (GR), and Middle Road 2°C (MR2C) are characterised by 2°C of global warming whereas in scenarios High Road (HR), and Middle Road 4°C (MR4C) average global surface temperature increases by 4°C by the end of the 21st century. Using Representative Concentration Pathways (RCP) scenarios (Van Vuuren et al., 2011) RCP2.6 (GR and MR2C), and RCP8.5 (MR4C and HR) (O'Neill et al., 2014) , SSP1 (GR), SSP2 (MR2C and MR4C), and SSP5 (HR), we lay down the framework for examining of future socio-economic outcomes (see Table  C .6 of the Appendices for more detail).
The trade scenarios cover nearly all sea-born traded commodities, 2 transported by three main vessel types, dry bulk, wet bulk, and containers across 16 geographical regions encompassing nearly all countries of the world (cf. Sections A and B of the Appendices).
In contrast with many existing studies, which apply a single method across most commodities, the need to capture the complexity of having different drivers for key commodities with regional specificities means that no single method or dataset was deemed sufficient in isolation. Therefore, a multidisciplinary approach is adopted for designing, simulating and deriving each future scenario. Due to the complexity of interrelations between transportation capacity, production output and coupled with technological constraints associated with each vessel type, separate methodologies to derive the quantitative elements of the scenarios are applied to three broad categories of goods. Energy commodities are projected using the TIAM UCL model; containerised goods' projections are computed using the correlation between countries' growth rates of trade, GDP and number and weight of containers containing such goods; the balance of tradeable commodities, namely nonenergy, non-containerised goods are projected using elasticities obtained from econometric estimations.
This procedure allows us i) to isolate and project trade data by transport mode and commodity type and apply suitable methodologies to overcome apparent constraints, such as inconsistency in data availability and coverage across commodities, regions and time periods ii) tailor our approach to the performance of goods under specific climate change constraints. For example, scenarios requiring the substitution of consumption of crude oil by renewable energy invalidate a simple econometric approach that yields elasticities of traded quantities with respect to production output. Such an approach cannot capture shocks associated with the introduction/substitution of renewable sources of energy in either country, especially when there is no such historical record/analogue. However, a simulated approach using the TIAM-UCL model ensures that the substitution between crude oil and renewable energy consumption does feed into changes to demand for crude oil between two countries. Section 2 describes the methodologies in more detail.
Although our study shares some methodological and structural similarities with the aforementioned body of literature, its novelty is three-fold:
Firstly in the granularity in which trade is projected. Secondly in the implementation of tailor-made methods to quantify trade flows. Both climate change impacts and emission mitigation, could affect regional production potentials for commodities. Thereby, important commodity-region-specific characteristics and productive constraints are incorporated into the scenario analysis. Finally, in the explicit use of an interdisciplinary methodological framework, including qualitative and quantitative tools of analysis, to capture the problem's inherent complexity.
Τhe overall outcome is a matrix of traded goods for each future decade between regions. This matrix can be disaggregated to matrices at the region, country, commodity, decade levels. We analyse our findings across several of these dimensions in Section 3. 
Method
This section presents the methodologies, summarised in Figure 1 , by which the scenarios were produced. The main outcome variable, the quantity of each commodity traded by sea, between an origin and destination pair within a year, is derived using three distinct methods applied to nonoverlapping groups of commodities. The process for each scenario comprises a narrative that establishes a commodity/region specific assumption, which is then integrated into an estimate for global trade. There are three commodity categories each consisting of a number of distinct commodities under the ISIC classification:
4 Energy commodities, containerised commodities and non-energy, non-containerised commodities.
5 Energy commodity projections for each scenario are computed using the TIAM-UCL model to adhere to emission budgets and take into account substitution effects between energy carriers.
For non-energy, non-containerised goods, the elasticities of trade with respect to output are obtained from estimations of historical data of trade and regional production of the commodities and are used to future responses of trade following scenario specific adjustments to output. Lastly as historical output data in term of weight for many containerised commodities is unavailable, future container trade is projected based on observing and modifying the trends in derived elasticity of trade and GDP across key trade corridors. In the next section we present in more detail the scenario narratives and pathways, and each of the methodologies.
Scenario narratives and pathways
Each of the scenarios comprises quantitative elements, based on the underlying SSPs and RCPs, which were articulated within a qualitative narrative. We developed two scenarios consistent with limiting the global temperature increase to 2°C by 2100 (RCP2.6) and two with a 4°C limit (RCP8.5). The 2°C scenarios explore a future where sustainability is important (Green Road) and a future similar to today in terms of governance (Middle Road 2C) framed by SSP1 and SSP2 respectively. Green Road (GR) in particular envisions a future where regionalisation remains a potent force. Similarly contrasting futures are explored in the 4 o C scenarios, High Road and Middle Road 4C, where High Road presents a high-tech world dominated by fossil fuels (SSP5) amid expanding processes of globalisation and increased economic convergence amongst regions and Middle Road 4C (SSP2) again explores how governance priorities and values similar to today's impact upon trade.
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. Participatory approaches are valued for empowering stakeholders and ensuring scenarios are relevant to their needs, as well as enabling the inclusion a wide range of expert knowledge (PahlWostl, 2008 ; Alcamo and Henrichs, 2009; van Vliet et al., 2010; Reed et al., 2013) . Thus, workshops were used to elicit expert input from industrial, 7 academic, and non-governmental stakeholders, and helped define the narrative of each scenario. Stakeholders were chosen to reflect a diverse range of opinion, knowledge of the maritime sector, as well as specific commodity, region or and trade.
3 Table 4 of the Appendix presents all commodity groups and a summary of estimation methods applied to them. 4 International Standard Industrial Classification of All Economic Activities. 5 Table 4 of the Appendix contains the breakdown of ISIC commodities per broad commodity category. 6 See O'Neill et al. (2014), Section 1.2, and Section C of the Appendix for more details. 7 The term "Industrial" in this case refers to companies that are directly involved in maritime sector or closely involved in production of materials for whom maritime trade is essential, such as energy commodities .   241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300 6 Section E in the appendices summarises the main stakeholder, distinguishing those who provided specific data sources. In that regard stakeholders play three primary roles, that of advice and review on the framing and generation of the scenarios, a broader steering capacity (e.g. beyond just trade scenarios), direct provision of datasets.
For example, the experts' input informed the choice of climate constraints, the appropriate SSP/RCP alignment, and the most relevant SSP sub-elements for trade. The draft trade scenario narratives were further subjected to a process of stakeholder validation and review, to ensure that they meet the criteria of relevance, plausibility, consistency, creativity, and consistency e.g. whether (or should) related sectors respond in a similar way to climate framing? (Fortes et al. 2015) . The main scenario characteristics stemming from each narrative are summarised in Table 1Table 6 of the Appendix. The projection of seaborne trade of energy commodities is described in the following section.
Trade of energy commodities
Projections of trade flows for these commodities are constructed using the TIAM-UCL global energy system model.. 8 Whilst the optimisation provides useful insights, it is also a limitation of the approach, which will be biased towards future technological solutions over short-term demand-side change . The model can be constrained to a certain average global surface temperature rise using its climate module. Some of the quantitative and qualitative elements are direct inputs, including variables such as GDP, population, energy systems in place, land availability for bioenergy feedstock production etc. Such process necessitates assumptions on the point at which key technologies, such as Carbon Capture and Storage (CCS) becomes viably scalable. In GR, bio-energy land is limited to, in units of primary energy production per year, 350 EJ. In MR2C, a tighter limit of 130 EJ is set (in line with SSP narratives). For MR4C and HR, characterised by low levels of mitigation, land availability limits do not become relevant. The resulting energy trade flows are converted from energy units into tonnes, yielding the projections of inter-regional trade in energy commodities in each of the four scenarios. The inputs to the TIAM-UCL model are summarised in Table 6 of the Appendix. The output of the TIAM-UCL simulations for each scenario is a bilateral matrix of regional trade flows of energy commodities expressed in common weight units or volume, which admit global social welfare maximisation and minimisation of the total discounted energy system costs in each time step.
Trade of non-energy commodities
This section summarises the approach for deriving scenario trade projections for all commodities not classified as Energy commodities. Section 2.3.1 and 2.3.2 describe the method for projecting trade of non-energy non-containerised commodities using econometric estimation. Section 2.3.3 describes the method for generation of containerised commodity projections.
Historic trends in output and future projections
For each non-energy commodity, the historical (1970/80-2010) output by region measured in tonnes by extracting national level data expressed in the International Standard Industrial Classification of All Economic Activities (ISIC) classification and aggregating to the regional level. Details of production estimates by commodity are summarised in Table 7 of the Appendix, along with data sources.
8 TIAM-UCL is a linear programming cost optimisation model, which minimises total discounted energy system costs and maximises social welfare (Anandarajah 2011; Anandarajah et al. 2013; Price and Keppo, 2017 and Raucci, 2017) . 301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360 We develop regional production models for each commodity to project future production in tonnes for the period 2020-2050, consistent with trends in historical data. In addition, for each commodity output projection is framed by the SSPs, RCPs, and stakeholder-informed scenario narratives; and is constrained by regional limits to production, such as reserves. For example, ISIC 5 -fisheries-projects future production based on trends in global population and per capita fish consumption. A key feature in incorporating commodity specific elements is ensuring projections of dependent commodities are not independent of each other, but models for individual commodities are interlinked to ensure internal consistency within each scenario. For example, the quantity of metal ore (ISIC 13) produced depends on the amount of steel output by production technology (ISIC 27). The latter is linked to the energy consumed by energy carrier and region, by the iron and steel sector, which itself is an output of the energy scenarios from the TIAM-UCL model. Fossil fuels that are discrete commodity categories in their own right, such as ISIC 10 referring to coal and lignite, are excluded from the table as they are exclusively projected within TIAM-UCL.
Econometric analysis of non-energy, non-containerised commodities
Quantities of traded commodities, irrespective of mode of transport are taken from the UN Comtrade database for the period 2000 (UN, 2016 , subsequently translated into estimates of seaborne trade based on the percentage that is transported by sea. 9 For each commodity, the historical values of bilateral trade and production by commodity and region form the inputs to the econometric assessments of the elasticity of trade with respect to output and are used for the final extrapolation up to 2050 using the starting values contained in the baseline dataset. We estimate the elasticity of export supply with respect to output using panel data fixed effects estimation for each exporting region and ISIC category. We control for variation across destination and underlying sectors comprising each ISIC category and exploit time variation. Where estimates could not be obtained due to data paucity or were insignificant, we imputed them with a region or ISIC category average. The mean elasticity of export supply with respect to output across all regions and ISIC categories stands at 1.73 with a standard deviation of 0.69. Utilising the elasticity of export supply and the future projection of production output described in 2.3.1, we obtain predicted exports of each specific region to the rest of the world per year and ISIC commodity. Region to region trade is then calculated using the ratios of bilateral regional to rest of the world exports of the 2010 baseline year.
Containerised commodities
For manufactured commodities that are likely to be shipped in containers, the techniques applied in sections 2.3.1 and 2.3.2 were not viable as it was not possible to generate robust estimates of historic production quantity by region -historical output data, if at all, are available in numbers of products, but not in weight. Therefore a separate approach was developed which treats container trade as a discrete commodity:
Future projections of Twenty-foot Equivalent Units (TEU) trade flows are, in the first instance, produced from a dataset, provided by MSI containing TEU flows along defined corridors such as 9 Unless specifically stated otherwise, this paper analyses commodities using the ISIC classification to facilitate the exposition of results. The conversion from HS into ISIC takes place using the intermediate step of converting to the NST/R classification. This operation ensures that UN Comtrade data is commonly expressed in these taxonomies and no information is lost in the process. Supporting documentation for the match is available at the index of correspondence tables, RAMON, Eurostat, and Muendler, M. 361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420   8 Inter-Asia, Asia to Europe etc., between 1995 (MSI, 2015 . These data distinguish direction and whether the routes reflect main or backhaul trade.
Employing a) country level GDP data associated with each country along the trade corridor, expressed in 2005 international dollars for consistency with the SSPs (James et al. 2012) , and b) the container trade in TEU along designated corridors such as Asia to Europe, the historic trend in the year on year elasticity of the importing region's trade in TEU and GDP from 1999-2010 (Δ TEU/Δ GDP) is obtained. This provides an account of both the baseline (2010) multiplier of trade and GDP growth as well as an indication of the direction of regional trends.
Starting from the calculated elasticities, for each trade corridor, trade elasticities (Δ TEU/Δ GDP) are projected over the period to 2050, in a scenario-building process aiming to reflect the qualitative scenario elements (cf. Table 6 of the Appendix). For example, as a reduced material intensity and regionalisation are manifest features of SSP1, the GR scenario container trade within key regions (e.g. intra-Asia or inter-Latin America) is projected to grow at a faster rate than more established routes. Alternatively, as HR projects increased material intensity and increased regional convergence this scenario projects a decrease in the disparity of trade across established main haul and backhaul routes.
Future trade in TEU along each trade corridor is calculated from GDP projections of importing regions (as per the underlying SSP scenario and the countries that comprise the regional groupings), and from the projected elasticity for this trade corridor, including when it reaches parity and/or <1 (i.e. trade stagnates). The steps above project trade across trade corridors not in terms of the 16 study regions used for other commodities. Therefore, using both the baseline (2010) trade data supplied by both NEA and MSI as well as the individual countries that comprise the regional groupings used in both datasets, container trade across the NEA corridors is mapped to trade across the regional groupings used elsewhere, which is retained for future trade. See Section E of the appendices.
Mapping commodities to ship types
A final step assigns commodities to ship types, preventing the existence of excess trade which is constrained by the global fleet availability and capacity in each time step. By doing so (e.g. using baseline trade data to remove the containerised portion of each projected commodity) we also ensure that double counting of future trade between the methods described in Sections 2.3.1 and 2.3.3 is prevented.
Collating the results from the three methods of projecting trade flows, we obtain a matrix of quantities traded between regions, for specific commodities expressed either at the ISIC or NST/R levels (cf. Section B of the Appendix). For validation and with a view to providing insight of greatest relevance to the shipping sector, trade in each commodity is also expressed in the 3 main ship types -dry bulk, wet bulk, and containers, such that the total weight per ship type in 2010 is consistent with the ship specific totals reported for year 2010 in (UNCTAD, 2018) .
In this way, we confirm whether the calculated 2010 quantity transported for each ship type, is neither over nor under-estimated relative to the actual quantity transported per ship type. The evolution of transport demand per ship type allows for comparison with other works, as further discussed in Section 3.5. 421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480   9 The projection of shipping demand reflects efforts to mitigate emissions as well as varying degrees of adaptation and responses to climate impacts. The effects of climate change will manifest directly in the emergence of new patterns of commodity trades or more indirectly in the distribution of centres of production. Different commodities will embody specific responses to these pressures, whilst also by necessity, reflecting a response to distinct consumptive demand. Table 1 summarises some of the most visible processes whereby the diverse effects of climate change ultimately manifest in significant changes in output and trade for specific commodities. Table D6 in the appendices provides additional information by commodity. These points will be discussed in the following sections. The remainder of the section presents the four trade scenarios. First, growth in total maritime trade is discussed and compared with the extant literature. Next, results are analysed for each of the broad category commodities: energy commodities, containers, and non-energy bulk. Aggregate results are compared against the extant literature. Finally, future trade in biomass, agricultural produce, and iron ore is discussed in more detail, as salient examples of how different climate change mitigation, adaptation, and impacts may affect trade in specific commodities, at the regional level. Figure 2 shows world trade, in terms of tonnes loaded, as the sum of the three modes of maritime transport -container, dry, and wet -where each panel represents one of the four scenarios. All scenarios show continuous and substantial growth for world trade. However, rates of growth vary between scenarios.
Results and Discussion
Future development of world trade
Trade in 2050 in the GR scenario is twice that in 2010. Characterised by low material intensity, the GR scenario foresees growth slowing down for containerised trade and, similarly, for wet bulk trade, which decreases over the decade 2040-2050. Spurred by trade in bioenergy commodities, growth in the dry bulk sector increases over the entire period 2010-2050.
The HR scenario exhibits the highest rates of growth in total trade, which quadruples over the period 2010-2050. This is the outcome of unfettered growth in demand for oil and gas, ore, and coal, with no step changes in the generation mix. In 2050, the container and dry bulk fleets carry approximately 33% more tonnage relative to the GR scenario -but with a very different mix of dry bulk commodities (cf. Section 3.2). Wet bulk trade also quadruples in HR, resulting in twice the respective level seen in GR in 2050. Among the scenarios, HR experiences the highest growth in GDP. In addition, the absence of strong climate mitigation allows expansion of material intensive industries such as vehicle manufacturing, with associated growth in related sectors like mining and steel production. 481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540 by MR2C and MR4C, respectively, are reflected in differing rates of growth in world trade. In the latter, the total quantity of production follows an approximately linear trend out to 2050. 
Figure 2 about here
An additional consideration is the impact of changes of trade on the composition of the fleet and therefore is of interest to ship-owners as well as producers and consumers. Especially given the longlife cycle of maritime vessels and the time lag between market signal and eventual vessel deployment. This is relevant to commodities which grow quickly beyond a certain point in time (such as biomass in HR) or decline after a period of growth (as seen for crude oil in MR2C). Another consideration (beyond the scope of this work) is the potential emergence of novel trades such as bulk transport of potable water. 
Trade in energy commodities
Figure 3 about here
The highest trade in energy commodities is projected in HR, followed by the GR scenario and with MR4C projecting greater growth than MR2C. Trade in biomass is significant in the GR scenario increasing from 12 Mt to over 4 Gt by 2050, associated with near total uptake of bioenergy with carbon capture and storage (BECCS) within the electricity sector, underpinned by output from those regions with greatest capacity for land expansion, Africa and South America foremost.
In contrast, the HR scenario sees no major step changes in the energy sector, with continued use of coal for electricity generation. By 2050 the quantity of electricity generated increases threefold, with approximately half of the total generated through coal combustion. Consequently, the quantity of coal traded between 2010 and 2050 increases fourfold.
In comparison to other scenarios MR2C demonstrates a much more modest (+30%) increase in the trade of energy commodities. Whilst there are similarities to the GR scenario (coal is displaced in the electricity generation mix), a lower increase in traded biomass is observed as BECCS is not as prominent (cf. Table C.6 in the Appendices). In contrast, this scenario projects large growth in nuclear energy which by 2050 contributes approximately 50 % of the electricity generation mix, following growth in Chinese, US, and Western European nuclear capacity. MR4C shares commonalities with the HR scenario, with an increase in coal, both with and without CCS. A 147 % increase in coal trade is mainly attributable to a growth in absolute electricity demand rather than growth in the proportion of coal in the generation mix.
All scenarios project an increase in refined oil trade by 2050; this increase is most pronounced for HR, whereby the quantity of refined oil shipped grows six-fold by 2050. This is attributable to a proportional increase in road vehicle kilometres associated with economic growth particularly in regions including China and other developed Asia, where the refined energy demands of the car and commercial vehicle sector increases ten-fold by 2050. This rise is only facilitated under a strict carbon budget if net negative emissions through BECCS materialise at a large scale. Similar pressures manifest in the Middle Road scenarios but in MR2C increased electrification of transport contributes to a continued reduction in crude oil trade and a peak in refined oil trade in 2040, sufficient to reduce total energy trade after 2035. However, in absolute terms, an increase in refined petroleum 541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600 trade is observed due to concentration of demand in regions which do not exhibit a commensurate increase in domestic production. Specifically, by 2050 China accounts for 67% of road diesel and gasoline demand and 62% of refined oil imports. This is in contrast to decarbonisation of the Chinese (and global) electricity sector, reinforcing that for large economies, decarbonising distinct sectors at different rates can affect patterns of global trade. It is this nexus of locational and technological elements which reinforces that decarbonisation may not necessarily manifest a reduction in trade. Indeed, all scenarios project increased trade of liquid LNG. What drives this growth is different in each scenario with the HR scenario projecting increased demand due to growing electricity consumption along with increased export capacity in the Middle East and Russia. The GR scenario foresees growth in its use in the transport sector, specifically the light commercial vehicle sector.
Biomass trade
Holding the global temperature increase to below 2°C requires drastic cuts to greenhouse gas emissions, which in turn implies fundamental changes to the global consumption of energy commodities. By weight, energy commodities make up about 40 % of world seaborne trade (UNCTAD, 2016).
The role of bioenergy is one of the most salient differences between the 2°C and 4°C scenarios, and in between the two 2°C scenarios. In the climate change literature, most scenarios characterised by successful climate change mitigation rely heavily on the deployment of BECCS at extremely ambitious rates (Fuss et al., 2014; Larkin et al., 2017) . In GR, BECCS constitutes 42 % of global electricity generation, comparable to total electricity generation in 2010. It is this very high, arguably implausible amount of BECCS assumed in many integrated assessment modelling studies, that allows continued growth in other energy commodities, such as refined oil products for transport. As such, this raises important questions regarding underpinning assumptions within integrated assessment models.
The availability of land suitable for the production of bioenergy commodities is one (of many) crucial criteria that will determine the role bioenergy can play in decarbonising the world's energy supply. In the scenarios presented here, it is also the key parameter differentiating the role of bioenergy between GR and MR2C, the two climate change mitigation scenarios (cf. Section 2.2). Similar to coal, and oil, there is a distinct geography of bioenergy production and trade, with the latter illustrated in Figure 4 .
Figure 4: Trade in category wood and cork, which includes bioenergy commodities in scenarios GR (left) and MR2C (right).
Figure 4 about here
In GR, biomass exports are dominated by Africa, and Central and South America. In the MR2C scenario, Africa is also the top exporter, with the remainder more evenly distributed among the other regions. More importantly, total African exports in GR are five times higher than in MR2C, by 2050. In HR and MR4C, bioenergy plays only a minor role, by comparison.
In summary, within just a few decades, the climate change mitigation scenarios foresee a trade in bioenergy commodities springing up and reaching one to five billion tonnes by 2050. For the shipping sector, this increase holds a sizable opportunity, albeit an uncertain one given the wide range across the scenarios and unproven scalability of this technology. 601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660 Container trade is found to grow across all four scenarios. At an aggregated level GR demonstrates relative decoupling of GDP with growth by 2040, due to a reduction in material intensity, through circular economy principles. With regionalisation a key element of the GR scenario, trade in highly manufactured goods between Asia and Europe, and on other established trade routes stagnates as markets mature by 2030. Most of the growth takes place in intra-regional trade. 
Trade in containerised non-energy commodities
Figure 5 about here
In contrast, container trade in the HR scenario grows at rates comparable to GDP growth. This reflects growth across both developing and developed markets, as GDP remains materially intensive amid a globalised economy. Within this context, one of the most important drivers is convergence of economies between consumers and producers with back-haul across mainline trades (i.e. the return leg from export markets) increasing rapidly to reach parity in absolute terms by 2050. In that regard no one region dominates growth in trade.
Both MR scenarios are placed in the middle ground between the GR and HR scenarios, in a world with barriers to trade in place. In these scenarios trade along many emergent routes continues to grow but levels off by the 2040s. At this stage, interregional trade remains static but remains a significant contributor by 2050. The main distinguishing element between both scenarios is the point at which growth in established mainline trade levels off, prior to 2040 in MR2C, post 2040 in MR4C.
Trade in non-containerised, non-energy commodities
Non-energy commodities carried in bulk show comparable growth rates until 2020 and diverge afterwards. The growth rates of maritime trade for each scenario follow directly from the mean growth rates of production of non-containerised, non-energy goods.
The HR scenario sees a growth factor of 3.5 between 2010 and 2050 which is positively correlated with GDP growing by a factor of about 4. This pronounced trade growth originates from increased demand. The MR4C scenario experiences near-linear growth, doubling between 2010 and 2050. The GR scenario experiences the same growth as MR4C until 2030, then growth slows and, from 2040, trade decreases, mainly due to the decline of iron ore production and exports from Central and South America, and Australia.
The MR2C scenarios grow continuously, but slowly, with trade in non-energy, non-containerised cargoes just above the GR scenario in 2050.
Trade in agricultural commodities (excluding biomass)
Trade is projected based on the agricultural production through modifications to regional trends in land use/availability, yield and relationship between crop and livestock output, such that global demand, aggregated from regional per capita demand is satisfied. 10 Non-energy agricultural commodities, mainly food and animal feed, will be affected by climate change impacts, most directly through impacts on growing conditions and other socio-economic drivers. Within the suite of scenarios, GR faces the fewest climate change impacts, and the lowest population growth (cf. 10 See Tables 5 and 6 of the Appendix.   661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720 13 Section C of the Appendix). Besides population growth, the per capita demand for grain and other food commodities is a key driver, and a main parameter for this driver is meat consumption. Since the latter is also comparatively low in GR, this is the scenario with the lowest levels of trade in food commodities.
The MR scenarios face difficulties in adaptation (cf. Section C of the Appendix), as well as the highest growth in population. In MR2C, regions with large land availability that will benefit from higher temperatures 11 increase their production and exports, with a corresponding growth in world trade. In comparison to MR2C, the MR4C scenario, faces far more severe impacts on agricultural production seeing lower global production and lower trade (with the latter declining in absolute terms between 2040 and 2050).
Finally, HR is characterised by successful adaptation measures and although population grows more slowly than in the MR scenarios there is higher meat consumption. Taken together, this leads to the highest levels of both production and trade, although the extent to which effective adaptation can be maintained beyond the temporal setting of this exercise.
Iron ore trade
Iron ore trade has significant variation across the range of scenarios. Beside the underlying demand for steel there are two main drivers. The first is the underlying assumption on the share of steel recycled in electric arc furnaces, demonstrating a linkage between decarbonisation and trade of nonenergy commodities (i.e. iron ore). As a consequence, ore production by mid-century increases in the 4°C scenarios, by 77 % compared to the 2010 baseline in HR, and by 30 % in MR4C; conversely, in the 2°C scenarios production reduces, by 34 % in MR2C, and by 41 % in GR.
The second is the geographical pattern of production and, in turn, trade: relatively few countries or regions dominate the production of iron ore -Australia, Central and South America, and China foremost. Iron ore mining in China expanded rapidly during the first decade of the 21st century (World Steel Association 2015). Further expansion, coupled with slowing demand growth, could squeeze other producers, and it might also bring China close to depleting its resources, as seen in HR, leading to drastic swings in the global pattern of trade. In contrast, the pattern of iron ore trade evolves more smoothly in the other scenarios, with one exception: the appearance of Africa as a major exporter by 2050. Although the inherent uncertainty associated with all scenario exercises bears reminding, indeed the recent imposition by the US administration of tariffs on steel and aluminium imports, has been viewed by key exporting nations as adding further instability to the market (MPI, 2018). Figure 6 portrays the evolution of the projected trade flows according to the four scenarios vis-à-vis historical trade flows expressed in millions of tonnes loaded. Historical flows come from UNCTAD (2018) 12 and span 1970-2015 while the projected totals are aggregated across the three ship types considered in our scenarios and cover the 2010-2050 period. During the transition period 2010-2020 no marked deviation between realised volumes of trade flows with the projected volumes under the scenarios are observed. Growth rates of the three scenarios approximately average 21% (GR), 39% (HR), 16% (MR2C), 24% (MR4C) per decade. Of the four scenarios only the HR case produces a 11 With Russia the stand-out example, although there is uncertainty on the suitability of land for cultivation in the areas that will likely improve under climate change. 12 Historical totals are the aggregates of the categories: "main bulks", "other dry cargo", "containers" and "oil and gas" according to the classification of UNCTAD (2018, p. 5). 721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780 growth rate comparable to historical growth rates. These ranged from approximately 40% to 50% per decade with the exception of the 1980's slowdown. Growth rates in the HR scenarios are about the same for all three cargo types considered, containers, wet, and dry, leading to a less conservative projection, which is, however, placed at the lower bound of the extant literature. Figure 7 illustrates this by comparing the scenarios with selected references from the literature (cf. Section 1.1), for world container trade in tonnes loaded. This commodity is chosen as it has in previous decades demonstrated periods of high trade growth, therefore projections of total trade are sensitive to assumptions on how the global container market will evolve in the future. As the Third IMO GHG Study (Smith et al. 2014 ) and its update (Lee, 2017) only project transport work, in tonne-miles, this is used as a proxy for trade in tonnes loaded, to allow comparison with this study. Historical data indicate this assumption is reasonable (UNCTAD 2016). 
Comparison with the literature
Figure 6 about here
Figure 7 about here
A striking result of this scenario exercise is that the plausible range of the volume of future trade in 2030 and 2050 is lower than the scenarios in the Third IMO GHG Study (Smith et al. 2014) , and its update (Lee 2017 ). This result is an illustration of focusing on granularity, which aims to address complexity and is much more strongly driven by climate mitigation coupled with impacts, than others that have gone before. For instance, the Third IMO GHG Study uses future GDP (according to the SSP scenarios) as an indicator variable for container trade, fitting a curve to historical data (cf. Sections 1.1 and E of the Appendix). That the difference in methodologies produces such distinctive results is in itself instructive, in terms of the implied deviation in the rates of change and the absolute levels of trade from more recent trends. Furthermore, the update of the scenarios in the original IMO study brings the projections closer towards the scenarios of this study, reflecting a more challenging economic environment whereby the processes that drive globalisation, such as industrial expansion in emerging regions is seen to peak amid eventual saturation of consumer demand. Similarly, more recent industry outlooks have aligned with lower projections, as exemplified by (SEA, 2017) . While other lines of evidence (Constantinescu et al., 2015; Cosar and Demir, 2017 ) also support lower growth expectations whereby the drivers for globalisation do not persist, we re-emphasise that the scenarios do not constitute forecasts but rather explore plausible future developments under climate constraints.
In the Third IMO GHG Study, both coal and oil trade reduce significantly under the RCP 2.6 scenario. Due to differing assumptions on negative emissions technologies, as well as the availability and cost of the variety of energy sources in the underlying integrated assessment models, this stands in contrast with both the GR and MR2C scenarios. Both foresee a near-total drop in coal trade by mid21st century while reliance on oil is far more persistent, with trade in crude and fuel derivatives peaking in 2030. Trade in bio-energy (cf. Section 3.2.1) shows the biggest variation across the scenarios, highlighting a potentially crucial element of the world's future energy mix and, by implication, the future basket of shipped commodities, which is omitted altogether in the IMO Studies. Beyond total headline numbers, the suite of scenarios covers a level of detail, in terms of commodities and geographical resolution, which goes beyond the existing literature. 781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824  825  826  827  828  829  830  831  832  833  834  835  836  837  838 839 840
Uncertainty
All scenarios and models entail an inherent degree of uncertainty, given their projective rather than predictive role. Refsgaard et al. (2007) distinguish between lacking awareness of imperfect knowledge and possessing awareness of the limits the reliably of knowledge. Studies such as Walker et al. (2003) categorise different sources of uncertainty depending on where they manifest within the scenarios/modelling process, such as input or framing uncertainty. Particularly given the presence of different methods and components, it is difficult to unequivocally state whether a scenario projection is 'right' or 'wrong', however individual elements may be deemed as representing unfeasible versions of the future. Whilst uncertainty is unavoidable, the scenario process described in this study incorporated a number of steps to mitigate risks, including both internal processes, validation against existing datasets and review/interaction with stakeholders. Table 2 summarises the most important steps to mitigate the model/scenario risks identified by Walker et al. (2003) . Walker et al. (2003) . 
Conclusions
We present a suite of world maritime trade scenarios using a novel disaggregated, commodity specific interdisciplinary methodology which contributes to the futures literature. The scenarios explore the possibility space for how climate change mitigation, adaptation and impacts, along with different socio-economic framings, may drive and influence international maritime trade. Scoping future maritime trade is essential for appreciating the scale and extent of technical and operational change required across the shipping sector, to mitigate emissions in line with international agreements. This is equally relevant to inform ship-owners, whose choices (in the form of vessel builds) will ultimately have a functional life measured in decades
The scenarios illustrate higher amounts of world maritime trade in a 4°C future than in a 2°C future. However, they also show that trade can evolve very differently, even in worlds with similar amounts of climate change. Overall, future trade in fossil fuels will necessarily be lower in a world with more emphasis on climate change mitigation. However, other assumptions relating to wider energy system change also alter the amounts and patterns of trade of particular energy-related commodities: Coal trade is significantly reduced in a 2°C world compared to a 4°C world, but trade in refined oil products depends in these scenarios on the electrification of transport. Trade in oil is also significantly influenced by the amount of BECCS deployment assumed within energy system scenarios by 2050. Furthermore, extensive BECCS deployment will drive production and potential trade of biomass, which could offer a significant opportunity but also a risk, for the shipping sector.
Trade in non-energy commodities, both containerised and non-containerised is higher in the 4°C scenarios compared to 2°C. Nevertheless, projections for containerised trade are a cautionary reminder to the sector that it cannot assume previously observed levels of growth persist, which is perhaps at odds with elements of some studies (Lee, 2017 ). An analogous caveat also manifests in Constantinescu et al. (2015) , suggesting that markets for goods may saturate, mature further or shift to new, less globalised, business models, particularly in more established markets, with a corresponding impact on trade. It is evident from the scenarios presented that the shipping sector must become resilient and agile to respond to a range of possible futures. Such futures may entail the emergence of new, or contraction of established, markets, such as biomass and coal; and also changing centres of demand, as observed in containerised trade. Furthermore, stakeholders in this   841  842  843  844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891  892  893  894  895  896  897  898  899  900 sector would be wise to note that the extent and timing of CO 2 mitigation in shipping depends on the level of trade and transport work. Even scenarios with 4°C of warming in future require the sector to make efforts to decarbonise, and whether 2°C or 4°C is aimed for, this challenge becomes greater as absolute volumes of trade increase.
Fuss, S., Canadell, J.G., Peters, G.P., Tavoni, M., Andrew, R.M., Ciais, P., Jackson, R.B., Jones, C.D., Kraxner, F. and Nakicenovic, N. (2014) Figure 8Figure 8: A map with the 16 regions colour-coded.), and is grouped in terms of carriage by 3 main vessel types: dry bulk, wet bulk and containers. 
B. Commodity groups
The trade scenarios cover nearly all traded commodities, which are expressed either at the ISIC classification as 31 aggregated categories, or the NST/R commodity classification as 52 aggregated categories. By way of example the commodity classification NST/R is expanded in Table 4 and Table  5 while the ISIC classification is presented in 4. 
C. Scenario narrative elements and inputs to TIAM-UCL
The projections of trade and output are framed by both qualitative and quantitative characteristics. These contextualise the system in which trade occurs and determine trade in specific commodities. 
D. Projection methods and sources of uncertainty
For each commodity the historical estimate of production is expressed in units that form a basis for future projection. Table 7 summarises the units, data sources, methodological basic for projection of future production, as well as the means by which climate sensitivities are manifest in each commodity. Crucially wherever possible fundamental linkages between commodities are represented, in some cases this requires individual commodities to be grouped (such as non-energy wood and manufactured wood which is a component of ISIC 2 below which is linked to an aggregated category which includes manufactured wood and paper). Table 7 summarises the uncertainty mitigation process that is built in the scenarios. By way of comparison, the results of a number of scenarios in the literature are summarised in Table  8 , which presents the types of commodities included, the presence of a climate framing, and projected trade (either in terms of tonnage or transport work), expressed as multiples of baseline trade in 2010. Economic and population projections are taken from SSPs. Baseline (2010) trade data provided by NEA and MSI and validated against UNCTAD data. Production inputs based on official datasets (such as UNIDO, FAO, World bank etc.) See point below on regional production models. Energy system model inputs are taken from external sources (e.g. SSP GDP estimates), and reflect fundamental constraints (e.g. Biomass availably) which are influenced by both literature sources and both internal and external review.
T a b l e 8 : O v e r v i e w o f s e l e c t e d t r a d e s c e n a r i o s f r o m t h e l i t e r a t ure
Model structure uncertainty
Simplified descriptions of modelled processes.
The choice of three methods to model the global trade system reflects its inherent complexity. Econometric models are compared with existing studies on the relationship between trade and output. Where a statistical relationship between regional output and trade is not available, projection is based on the econometric relationship between trade and GDP and SSP GDP projections. Commodity specific production models (which serve as inputs to the econometric projection) are simplified representations, entailing a source of uncertainty. This allows fundamental constraints i.e. regional limits to production to be readily and explicitly reflected and linked across related commodities. The levels of growth in commodity trade by 2020 are compared against estimates for 2015 ensure a sudden unrealistic change in the economic system is not reflected. Parameter uncertainty Uncertainty in the variables associated with models.
All variables used in the quantification and projection of production are taken from literature sources or established datasets. For all such commodities and regions the production model outputs are validated against baseline (2010) data, whilst future projections reviewed in the context of historic levels of growth. The energy system model has been applied extensively including within the IPCC scenario database. 
Region
